The fatigue damage of compressor blade steel KMN-I was investigated using nonlinear ultrasonic testing and the relation curve between the material nonlinearity parameter and the fatigue life was obtained. The results showed that the nonlinearity parameter increased first and then decreased with the increase of the fatigue cycles. The microstructures were observed by scanning electron microscopy (SEM). It was found that some small defects like holes and pits appeared in the material matrix with the increase of the fatigue cycles, and the nonlinearity parameter increased correspondingly. The nonlinearity parameter reached the peak value when the microcracks initiated, and the nonlinearity parameter began to decrease when the microcracks further propagated to macrocracks. Therefore, it is proved that the nonlinearity parameter can be used to characterize the initiation of microcracks at the early stage of fatigue, and a method of evaluating the fatigue life of materials by nonlinear ultrasonic testing is proposed.
Introduction
The centrifugal compressor impeller is a typical high-speed rotating mechanical component, which must have high requirements for the performance of the materials due to the poor service conditions. In recent years, major failure accidents of centrifugal compressor impeller occurred, so the damage detection and life assessment of the impellers become more and more important. It is shown that the damage and performance degradation of the materials at the early stage occupy 80%-90% of the whole fatigue life. The common nondestructive testing can only detect the macroscopic defects (cracks, inclusions, stomata, etc.), while the sensitivity to the early damage of the materials and structures is relatively low, and it cannot detect the small-scale damage such as microdefects and microcracks, especially the hidden damage in the interior of the materials. The recent research shows that the degradation of the material properties at the early stage is always accompanied by some form of nonlinear mechanical behavior, which causes the generation of the nonlinear harmonic waves [1] [2] [3] [4] . Therefore, the nonlinear ultrasonic testing overcomes the shortage of the common nondestructive testing, which can effectively characterize the microdefect and hidden damage [5, 6] . In 1999, Jhang and Kim [7] researched the relationship between the mechanical properties degradation of the material and the nonlinearity parameter under tensile load. In 2010, Kawashima et al. [8] detected the nonmetallic inclusions in the continuous casting steels using a nonlinear scanning system. In 2012, Cremer et al. [9] carried out the in situ observation of the very high cycle fatigue damage evolution of aluminum alloy welded joints using nonlinear ultrasonic technology. In 2015, Li et al. [10] carried out the in situ observation of the very high cycle fatigue properties of aluminum alloy and the results show that the ultrasonic nonlinearity parameter is more sensitive to the fatigue damage (such as the initiation and propagation of the cracks). In addition, Solodov et al. pointed out that contact acoustic nonlinearity (CAN) mechanism of cracked faces generates far higher harmonics. Nonclassical effects are due to substantially asymmetric stiffness characteristics of the interface for normal stress that results in specific CAN. The asymmetry in the contact restoring forces causes the stiffness 2 Shock and Vibration parametric modulation and instability of oscillations, which results in the generation of subharmonic acoustic wave. Nonlinear reflection technique provides primary detection of the invisible in linear NDE fractured defects, which are the sources of CAN and the forerunners of the main cracking and subsequent fracture [11, 12] .
Currently the fatigue test of the compressor blades mainly includes the resonance fatigue test and the ultrasonic fatigue test, in which the ultrasonic fatigue test also uses the ultrasonic transducer to resonate the specimen. However, not all the fatigue failure of the blades is caused by resonance in the actual service condition. The form of the load is not single because the specimens may be subject to bending, tensile, torsion, and their composite form load, so the current vibration fatigue test cannot simulate the actual service condition of the blades. In 2006, Q. Yao and J. Yao [13] divided the structural fatigue into two kinds of problems: static fatigue and vibration fatigue. When the frequency distribution of the dynamic alternating load (e.g., vibration, impact, and noise load) is similar to the natural frequency distribution of the structure, resonance of the structure leads to fatigue failure, which is called vibration fatigue, while the static fatigue is fatigue failure caused by the forced vibration of the structure under the alternating load, in which time the structure did not resonate. Most of the blades' fatigue test is carried out using vibration testing or ultrasonic fatigue testing, while the static fatigue test of the compressor blades is relatively less. In 2006, Rajasekaran and Nowell [14] carried out the multiaxis fatigue test (tensile and bending vibration load) on the root of the blades, which simulated the multiaxis fatigue load of the compressor blades under the actual service condition. In 2012, Liu and He [15] designed the force excitation vibration fatigue test system using the exciter directly acting on the specimen and proposed a test method of the vibration fatigue life.
Theoretical Basis of Nonlinear Ultrasonic Testing
There is a nonlinear term in the wave equation of the sound waves propagating in the medium. The degradation of the material properties at the early stage is always accompanied by some form of nonlinear mechanical behavior, which causes the generation of the nonlinear harmonic waves. These higher harmonics waves are very sensitive to the early damage of the materials and structures. Due to the nonlinearity of the solid medium, the stressstrain relationship exhibits a nonlinear characteristic, which can be expressed as
where is the stress, is the strain, is Young's modulus, and and are the parameters describing the nonlinearity of the material, which are the second-order nonlinearity parameter and the third-order nonlinearity parameter [16] [17] [18] . In order to describe the generation of the second harmonic or higher harmonics in the solid medium, it is assumed that a single frequency sinusoidal ultrasonic signal propagates in the material. Due to the nonlinearity of the solid medium, the nonlinear interaction between the ultrasonic waves and the solid medium causes the generation of the high harmonics. In this case, the one-dimensional nonlinear wave equation in the solid medium can be expressed as (the first two items of the series expansion)
where = √ / is the velocity of the longitudinal wave, is the density of the medium, is the propagation distance of the longitudinal wave, and is the displacement of the particle at . The solution of (3) = 0 + 1 can be calculated using the second-order perturbation method ( 0 is the solution when = 0 and 1 is the first-order perturbation solution).
Through the iterative process, we can find the concrete expression of (3)
where 1 is the amplitude of the fundamental frequency signal, is the wave number ( = 2 / , is the wavelength), and is the angular frequency. So the amplitude of the second harmonic propagating in the material, 2 , is 1 2 2 /8. Therefore, the ultrasonic nonlinearity parameter can be obtained by measuring the ultrasonic fundamental frequency signal and the high harmonic signal. The second-order nonlinear parameter can be expressed as Tables 1 and 2 . The heat treatment process is shown in Table 3 . The microstructure of KMN-I is mainly acicular and lath tempered troostite, as shown in Figure 1. 
Experimental Material and Method

Preparation of Fatigue Specimens.
The shape of the fatigue specimen is shown in Figure 2 , and the thickness of the specimen is 2 mm. The surface of the specimen was mechanically polished with emery papers to keep the surface of each specimen consistent before the fatigue test. In order to simulate the actual service condition of the blades, we modified the ET-10d-240 vibration testing and carried out tensile, bending, torsion, and their composite fatigue test using the designed fixture. This piece of equipment has been awarded a national invention patent (Patent Number ZL 201410271461.2). The two groups of specimens in this experiment were three-point bending fatigue and tensile-bending fatigue, as shown in Figure 3 . The operational principle is as follows: the two ends of the three-point bending fatigue specimen were fixed on the fixture of the base, and then periodic sinusoidal load was carried out on the middle of the specimen using the vibration testing and the rigid ball of the fixture. Therefore the specimen was subjected to bending fatigue alternating load. In another group of specimens, the two ends of the tensile-bending fatigue specimen were fixed on the fixture of the base and a horizontal preload was applied to the end of the specimen; then periodic sinusoidal load was carried out on the middle of the specimen using the vibration testing and the rigid ball of the fixture. Therefore the specimen was subjected to tensile-bending fatigue load. Fatigue load of the KMN-I specimen was carried out by vibration testing, and the fatigue specimens with different cycles were obtained. The acceleration control model was used in this experiment. The test temperature is room temperature; the load waveform is sine wave; the load frequency is 40 Hz; the acceleration is 8 m/s 2 ; the stress of bending test is about 500 MPa; and the stress of tensilebending test is about 580 MPa.
Nonlinear Ultrasonic Testing.
In this experiment, the longitudinal wave incidence method was used to excite and accept the ultrasonic Lamb wave, which was accurate, effective, and easy to excite. Ultrasonic Lamb wave measurement of KMN-I specimens with different fatigue cycles was carried out using RAM-5000 high energy ultrasonic system, as shown in Figure 4 . The pulse signal was excited by the high energy ultrasonic system and went through the attenuator for energy regulation. Then the signal went through the lowpass filter for signal filtering and finally was transmitted to the ultrasonic piezoelectric transducer. The voltage signal was converted to ultrasonic vibration signal and transmitted through the specimen. After the propagation of a certain distance in the specimen, the ultrasonic signal under the influence of the nonlinear stress-strain was received by the piezoelectric transducer with an integer multiple excited frequency. Then the signal was transmitted into the oscilloscope and computer for data display, process, and analysis after the high-pass filter and preamplifier. The launch probe was a narrowband piezoelectric transducer with a center frequency of 2.25 MHz, and the receiver probe was a wideband piezoelectric transducer with a center frequency of 5 MHz. The second harmonic amplitude is generally far smaller than the fundamental amplitude. In order to better observe the characteristics of the second harmonic, we added a 4 MHz high-pass filter to increase the second harmonic amplitude. The frequency of the excitation signal was 2.2 MHz. The incident angle was 27 ∘ . Two probes were fixed with a specific device to ensure that the pressure of these two probes surface was controlled at a relatively close level by a pressure sensor.
In order to ensure the consistency of the measurement, the probe and the specimen were thin layer coupling with glycerol. The material nonlinearity of the coupling agent can be neglected because the coupling layer was very thin. Considering that the oblique plexiglass also had the elasticity nonlinear effect, the propagation distance of the excited longitudinal wave in the oblique should be as short as possible. The signals obtained by the experiment included the fundamental and high-order mode Lamb waves, which can be processed by fast Fourier transform (FFT) and short-time Fourier transform (STFT). Therefore, we can calculate the amplitude of the fundamental frequency Lamb and second harmonic Lamb wave [19] .
Experimental Results
Dispersion Curve.
The efficiency of the second harmonic generation was very low due to the dispersion characteristics of the ultrasonic guided wave. The second harmonic signal was very weak and inconvenient to measure. If the phase velocity of the fundamental frequency Lamb wave mode excited in the specimen was equal to the phase velocity of the double-frequency Lamb wave mode, the second harmonic signal was relatively easy to measure. Therefore, the dispersion curves of the fundamental frequency and the second harmonic Lamb wave in the KMN-I specimen were measured, as shown in Figure 5 . In order to excite the second harmonic Lamb wave with the accumulation effect, the fundamental Lamb wave with excitation frequency of 2.25 MHz was selected, in which case the fundamental frequency and the second harmonic Lamb wave had the same phase velocity. Besides, some researchers consider that the group velocity also should be matched, so we meet the group velocity matching conditions in the following experiment. 
Signal Validity Verification.
Before the nonlinear ultrasonic Lamb wave measurement of the KMN-I specimens with different fatigue damage, it was necessary to measure and verify the amplitude response of the fundamental and doublefrequency Lamb wave of RAM5000 high energy ultrasonic system to ensure that the measured second harmonic signal was caused by the nonlinearity of the tested material, rather than the measurement system. Nonlinear ultrasonic testing was carried out on KMN-I fatigue specimens with different fatigue cycles and the time-domain signals of bending fatigue and tensile-bending fatigue specimens were obtained, as shown in Figure 6 .
Then the time-domain signals were processed with STFT, and the STFT time-frequency energy spectrum image of KMN-I specimens was obtained, as shown in Figure 7 . The STFT energy spectrum is represented by 256 levels of gray scale and the deeper color means higher amplitude. It can be seen that the received Lamb wave signal is mainly 1 mode and its generated second harmonic 2 mode. The frequencies are 2.25 MHz and 4.5 MHz, respectively. Since the fundamental frequency amplitude of the nonlinear ultrasonic Lamb wave, 1 , and the second harmonic amplitude, 2 , was obtained, the normalized ultrasonic nonlinearity parameter a linear increase trend with the increase of the propagation distance. The result shows that the second harmonic signal received by the receive transducer is the second harmonic signal generated by the fundamental frequency Lamb wave propagation in the specimen, rather than the oblique or coupling agent.
1 was used as the normalized nonlinear parameter to characterize the nonlinear variation of the material due to fatigue damage, and we can obtain the relationship between the nonlinearity parameter and fatigue cycles, as shown in Figure 9 .
For the bending fatigue test, it can be found that the nonlinearity parameter increased first and then decreased with the increase of the fatigue cycles. In the early stage of the fatigue life (before 10 6 cycles), the nonlinearity parameter gradually increased with the increase of the fatigue cycles, and the nonlinearity parameter reached the peak value when the microcracks initiated. In the late stage of the fatigue life (after 10 6 cycles), the nonlinearity parameter began to decrease. The results indicated that there was a correspondence between the nonlinearity parameter and the fatigue damage of the specimen. The fatigue damage of the specimen continuously accumulated with the increase of the fatigue cycles. When the ultrasonic Lamb wave propagated inside the specimen, the second harmonic excited in the damage area increased correspondingly, which led to the increase of the nonlinearity parameter. However, the attenuation coefficient of the material increased due to the cracks, and the nonlinearity parameter decreased correspondingly. This was the reason for the decrease of the nonlinearity parameter in the late stage of the fatigue life. In the late stage of fatigue life, the microholes and microcracks inside the material gradually increase and aggregate, which will result in the increase of sound energy attenuation [20] . In addition, according to Hikata dislocation string model, the dislocation string length increases when the stress is high, and the attenuation of the second harmonic will increase due to the increase of dislocation string length [21, 22] .
For the tensile-bending fatigue test, the relationship curve also showed the similar trend: the nonlinearity parameter increases first and then decreases with the increase of the fatigue cycles. The difference between the two tests was mainly the amplitude of the nonlinearity parameter. The load in the dangerous location of the tensile-bending specimen was larger due to the tensile load, and the numbers of the fatigue defects generated in this location were more than the bending specimen. Therefore, the amplitude of the nonlinearity parameter was relatively high. Compared with the two tests, it can be found that the peak value of the nonlinearity parameter measured by the tensile-bending fatigue test was larger than that of the bending fatigue test. In the early stage of the fatigue life, the nonlinearity parameter measured by the tensile-bending fatigue test was generally higher than that of the bending fatigue test under the same fatigue cycle. This was because the stress in the dangerous location of the specimen increased due to the lateral tensile load. The excited second harmonic was more obvious under the same fatigue cycle, resulting in an increase of the nonlinearity parameter. In addition, the -N curve measured by the tensile-bending fatigue test shifted leftward relative to the -N curve measured by the bending fatigue test. The stress in the dangerous location of the specimen increased, and the fatigue crack was more likely to occur, so that the peak of the nonlinearity parameter appeared earlier.
Microstructure Observation.
In order to research the relationship between the nonlinearity parameter and the internal damage of the specimen, the microstructure of KMN-I bending specimens' cross section in the dangerous location was observed. The maximum stress is located on the surface of the middle of the specimen. So this location is the dangerous location and fatigue crack usually initiated here. After the experiment, the specimen was cut in the middle location and the cross section of the specimen was observed. Because the maximum stress is located on the surface of the specimen, we mainly observe the region near the surface in the cross section of the specimen. The cracks are mostly located on the surface and subsurface of the specimen. The results showed that the microstructure of the specimens gradually deteriorated as the fatigue cycles increased, as shown in Figure 10 . The matrix of the original specimen was relatively flat and there are no obvious defects in Figure 10 (a), and the nonlinearity parameter was very low in Figure 9 (point A). It was found that some small defects such as holes and pits appeared in the material matrix with the increase of the fatigue cycles in Figure 10 (b), and the nonlinearity parameter increased correspondingly in Figure 9 (point B). Then the microcracks initiated from the matrix, as shown in Figure 10 (c), and the nonlinearity parameter increased significantly to the peak value in Figure 9 (point C). As the fatigue cycles further increased, the cracks propagated to macrocracks, as shown in Figure 10 (d). The cracks increased the attenuation coefficient of the material, so the nonlinearity parameter began to decrease in Figure 9 (point D). When the sinusoidal ultrasonic wave was transmitted into the solid medium, there will be a nonlinear interaction between the ultrasonic wave and the solid medium, resulting in the generation of high frequency harmonics. The generation of these high frequency harmonics is closely related to the microstructure of the solid medium, which is usually caused by the internal defects of the material, such as dislocations, microholes, and cracks [3, 4, 10] . In this experiment, the microstructure of the specimens gradually deteriorated with the increase of fatigue cycles, and the nonlinearity parameter and the amplitude of the second harmonic correspondingly increased. Therefore, we can conclude that these deteriorated microstructures, such as microholes and pits, are the source of the second harmonic. It is proved that there is a certain correspondence between the nonlinearity parameter and the internal damage of the material, and the nonlinearity parameter can be used to reflect the damage and fatigue life of the material. Similarly, the microstructure of KMN-I tensile-bending specimens' cross section in the dangerous location was observed and the same law was found. The microstructure of the specimen gradually deteriorated with the increase of the fatigue cycles, as shown in Figure 11 . In the early stage of the fatigue life, some holes and pits can be observed in Figure 11 (a). These defects evolved to microcracks under the fatigue load and the nonlinearity parameter increased correspondingly. So it is proved that the nonlinearity parameter can be used to characterize the fatigue life of the material.
Industrial CT can display the internal structure, composition, material, and defect status of the object clearly, accurately, and intuitively in the form of two-dimensional tomographic image or three-dimensional image. It is a commonly used nondestructive testing and evaluation technique. Tomography scanning was carried out to the specimens with different fatigue damage using industrial CT (resolution 0.1667 mm). No obvious defects were found, as shown in Figure 12 . But in SEM micrographs we can observe many small defects in the specimen and the nonlinear parameter increased correspondingly. So we can conclude that these small defects which cannot be detected by the traditional nondestructive testing can result in the changes of the nonlinearity parameter, which proves that the nonlinearity parameter is more sensitive to small defects and the nonlinear ultrasonic testing can be used for the nondestructive testing in the early stage of the fatigue life.
Discussion
-a Curve.
With the increase of the fatigue cycles, the microstructure defects evolved to cracks and finally led to the failure of the material. So the increase of the fatigue cycles was also the initiation and propagation process of the fatigue crack. Combined with the microstructure analysis of the bending fatigue specimen in the dangerous location, the number and length of the fatigue cracks in ten standard fields of view were statistically counted, as shown in Table 4 , where the equivalent crack length was the sum of the cracks' lengths in the field of view. Since the received nonlinear ultrasonic Lamb signal was the sum of the second harmonics generated by all the defects in the sampling region, it was more reasonable to use the equivalent crack length compared to the single crack length in the research. From Figure 13 , it can be seen that the number of cracks and equivalent crack size increased with the increase of fatigue cycles. Especially in the early stage of fatigue life, the nonlinearity parameter is positively correlated with the equivalent crack size. Therefore, we can think that the changes of the number and size of microcracks result in the change of nonlinearity parameter.
In order to analyse the relationship between the microcracks of the specimen and the measured nonlinearity parameter, we establish the relationship curve between the equivalent crack length and the nonlinearity parameter ( -a curve), as shown in Figure 14 . Due to the decrease of the nonlinearity parameter caused by the signal attenuation of the material in the late stage of the fatigue life, we focused on the correspondence in the early stage of the fatigue life. It can be found that the nonlinearity parameter of the material increased with the increase of the crack length, which indicated that the nonlinearity parameter can reflect the propagation of the internal fatigue crack.
In addition, the tensile-bending fatigue test showed a similar law to the bending fatigue test. The microstructure of the specimens gradually deteriorated with the increase of fatigue cycles and the nonlinearity parameter and the amplitude of the second harmonic correspondingly increased in the early stage of the fatigue life.
Changes of Material Strength and Hardness.
According to the nonlinearity parameter-fatigue cycles curve ( -N curve) obtained above, we can use the nonlinear ultrasonic Lamb wave measurement to determine the fatigue damage and fatigue life of the material. Due to the characteristics of KMN-I steel, the -N curve showed a trend to increase first and then decrease. Therefore, the nonlinearity parameter obtained in the actual measurement may correspond to two fatigue cycles, and the difference between the two fatigue cycles may be very large. One solution is to continue loading for a period of time after nonlinear ultrasonic testing and then carry out nonlinear ultrasonic testing again. We compare the differences between the two results to determine whether the material is currently in the rise or fall stage of the -N curve, so that we can accurately locate the fatigue cycle of the material. In addition, we can add a characterization parameter that combines the nonlinearity parameter to locate the fatigue cycles. The tensile strength and hardness of the two groups of specimens with different fatigue cycles were measured to study whether there was a certain relationship between the two parameters and the fatigue cycles.
First, the tensile strength of the specimens was measured using ABI test system. There was no obvious trend between the tensile strength and the fatigue cycle, as shown in Figure 15 . So it was difficult to judge the fatigue degree of the material by the tensile strength.
Secondly, the hardness of the specimens was measured. It was found that the hardness of the material increased with the increase of the fatigue cycle, which indicated that KMN-I showed cycle hardening behavior, as shown in Figure 16 . The hardness of the material will increase 5%-10% in the late stage of the fatigue life (>10 6 cycles). So we can use the change of the hardness to characterize the fatigue degree of the material. When the hardness increased by more than 5%, the material was in the late stage of the fatigue life, that is, the fall stage of the -N curve. On the contrary, we thought that the material was in the early stage of the fatigue life, that is, the rise stage of the -N curve.
Taking the KMN-I bending fatigue specimen as an example, combined with the -N curve and the hardness curve, we can establish a double criterion method for estimating the fatigue life of the material using the nonlinearity parameter, as shown in Figure 17 . Firstly, the nonlinear ultrasonic testing was carried out on the material after service, and the nonlinearity parameter was obtained, which corresponded to two possible fatigue cycles in the -N curve. Then hardness of the material was measured, and the fatigue life can be accurately determined according to the change of the hardness. If the hardness increased by more than 5% (blue dots), the fatigue cycles should be in the fall stage of the -N curve, while if the hardness increased by less than 5% (black dots), the fatigue cycles should be in the rise stage of the -N curve.
Conclusions
(1) The nonlinear ultrasonic testing was carried out on two groups of specimens with different fatigue loads (bending fatigue test and tensile-bending fatigue test), and the -N curve of the compressor blade steel KMN-I was obtained. It was found that the nonlinearity parameter of the material increased first and then decreased with the increase of the fatigue cycles.
(2) The microstructures were observed by scanning electron microscopy (SEM). The results showed that, with the increase of the fatigue cycles, the microstructure of the material gradually deteriorated and then the microcracks initiated from the matrix. It was proved that there was a certain correspondence between the nonlinearity parameter and the internal fatigue damage of the material, and the nonlinearity parameter can be used to characterize the fatigue damage and fatigue life of the material.
(3) The relationship between the propagation of the internal cracks and the nonlinearity parameter was analysed. Based on the -N curve and hardness test of the material, the method of evaluating the fatigue cycles of the material was proposed.
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